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O-acetylationAbstract The solid acids such as ZrO2, Al2O3 and ZrO2-Al2O3 containing different ZrO2 loadings
(10–80 mol%) were prepared by solution combustion method (SCM) and characterized for their
total surface acidity by NH3-TPD/n-butylamine back titration method and crystallinity by powder
X-ray diffraction (PXRD) technique. These solid acids were evaluated for their catalytic activity in
the synthesis of novel O-acetylated products from substituted phenols, pyridine alcohols and aryl
alcohols with acetic anhydride (AA) as an acetylating agent. The reaction conditions were opti-
mized by varying the catalyst, molar ratio of the reactants, reaction temperature and amount of
the catalyst. All the solid acids used in this study exhibited good catalytic activity in the reaction.
In particular, ZrO2-Al2O3 containing 80 mol% of ZrO2 was found to be highly active in the acety-
lation reaction with high yield of acetylated products. Triangular correlation between the surface
acidity, crystallinity and catalytic activity of solid acids was observed. These solid acids were found
to be reactivable and reusable.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Solid acid catalysts play a predominant role in organic synthesis and
transformations. Many organic reactions such as alkylation, acylation,
isomerization, nitration, esterification, and rearrangements, among
others are accomplished by solid acid catalysts. Traditionally thesereactions were being carried out by using corrosive, toxic homoge-
neous acids such as H2SO4, HNO3 and HF. In view of environmental
and economical reasons, there are ongoing efforts to replace the
conventional catalysts with newer solid acids. This is mainly due to
the distinct advantages of solid acid catalysts such as non-toxicity,
non-corrosive, ease of handling, less expensive, easy to recover and
reuse (Corma, 1995; Hamer and Sun, 2001; Clark, 2002; Okuhara,
2002; Corma and Garcia, 2003). Some of the major classes of materials
that are used as heterogeneous catalysts include simple oxides, mixed
oxides, clays, nano composites, zeolites, aluminophosphates, silica alu-
minophosphates, ion exchange resins, heteropolyacids, etc.
Metal oxides represent one of the most important and widely
employed classes of solid catalysts, as either active phases or supports.
Metal oxide based catalysts offer several advantages over other solid
acids. They are active over a wide range of temperatures and more
resistant to thermal extrusions. Metal oxides are used because of theirf Chem-
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alysts in heterogeneous catalysis (Kung, 1989; Henrich and Cox, 1994;
Noguera, 1996; Bru¨ckner, 2003; Ferna´ndez-Garcia et al., 2004; Reddy,
2006).
Exclusively, zirconia based solid acids are attracting much atten-
tion in recent years. For instance, sulfated zirconia proved to be a
highly active solid acid catalyst for various organic transformations
even at low temperature (Gillespie and Peel, 1973; Yadav and Nair,
1991; Arata et al., 2003). However, it gets deactivated rapidly at high
temperatures and in reducing atmosphere by forming H2S and SOx.
Also, it forms sulfuric acid at high temperatures if there is water in
the reaction medium leading to the downstream contamination. The
performance of such catalysts strongly depends on the coordination
and dispersion of the active metal oxide species as well as on the sur-
face properties of the solid system (Wachs et al., 2003; Weckhuysen
and Keller, 2003).
Alumina has been widely used as a catalyst or as a catalyst support
or as a part of bifunctional catalysts in large-scale processes in chem-
ical and petrochemical industries, because of its high specific surface
area, excellent pore structure and surface acidity (Bikramjit et al.,
2004; Lopez-Suarez et al., 2008; Sundaramurthy et al., 2008;
Ingelsten et al., 2009; Lu et al., 2009; Zhang et al., 2009). However, alu-
mina has relatively low thermal stability over time, which limits its use-
fulness at high temperatures.
There are many approaches to improve thermal stability of alu-
mina (Al2O3). The most effective way is by doping it with different
metal oxides as stabilizing agents (Kaspar and Fornasiero, 2003;
Sue-min and Ruey-an, 2007). Oxides of alkaline earth metals, rare
earth metals, silicon and phosphorus or a combination of these with
alumina have been employed (Hanlin et al., 2009). Zirconia (ZrO2) is
commonly used as a stabilizing agent to improve thermal and structure
stability of alumina. Mixed-metal oxide systems could offer interesting
properties, especially when the components differ remarkably from
each other. Hence, ZrO2-Al2O3 has been used in many catalytic pro-
cesses involving liquid, vapor and gas phase reactions (Hao et al.,
2004; D’Souza and Nagaraju, 2004).
There are different methods of preparing mixed oxides such as
impregnation method (Nagaraju and Mohamed Shamshuddin et al.,
2007), sol-gel method (Santosh et al., 2009), milling (Rao et al.,
2003), precipitation method (Har et al., 1990) and solution combustion
method (SCM) (Patil et al., 2008). Among all these methods SCM is
the most convenient single step process, simple in both experimental
device and easiness of reagent preparation.
Protection of AOH group in phenols and alcohols is one of the
most frequently employed reactions in organic synthesis and is nor-
mally achieved by acetylation with AA or acetyl chloride which is gen-
erally carried out by both acid and base catalyzed reactions. Due to
low toxicity, AA is commonly used as an acetylating reagent. O-
acetylated products are used as drugs, reaction intermediates, and
pharmaceutical products, among others (Larock, 1996). Various acid
catalysts such as H2SO4 (Pavia et al., 1976; Xiong et al., 2014),
H3PO4 (Miller and Neuzil, 1982; Williamson, 1994) and nitro benzoic
acid (Tale and Adude, 2006) and basic catalysts such as TEA, DMAP,
phosphines (Vedejs and Diver, 1993), pyridine (Cutulic et al., 2009)
and NaOH (Michael et al., 2001) have been used as catalysts in acety-
lation reactions. However, these homogeneous catalysts have disad-
vantages such as high toxicity and longer reaction period.
Very few studies have been reported on replacing the conventional
homogeneous catalysts in the synthesis of acetylated molecules. Solid
acids namely nano-crystalline sulfated zirconia, sulfated titania, zeolite
H-beta, H-Y, H-ZSM-5 and acid treated K-10 clay have been used in
the acetylation of salicylic acid (Tyagi et al., 2010). Among these solid
acids zeolites H-beta, H-Y, H-ZSM-5 and acid treated K-10 clay
showed less yield (65%) of acetyl salicylic acid under optimized reac-
tion conditions. Sulfated zirconia and sulfated titania however gave
high yield of acetyl salicylic acid. Sulfated zirconia and sulfated titania
catalysts may slowly lose their sulfate radical from their surface so that
the acid strength is slowly decreased over time, resulting in rapidPlease cite this article in press as: Thimmaraju, N. et al., Eﬀective synthesis of novel O
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that the thermal stability of these sulfated catalysts cannot meet the
requirements for industrial applications (Larsen et al., 1995).
Keeping in view the importance of ZrO2-Al2O3 as solid acid cata-
lysts in acid catalyzed reactions, the present work has been taken up.
This work deals with the preparation of solid acid catalysts,
namely ZrO2, Al2O3 and ZrO2-Al2O3, which are useful in
O-acetylation reactions of substituted phenols, pyridine alcohols and
aryl alcohols by AA. ZrO2, Al2O3 and ZrO2-Al2O3 with different
ZrO2 loadings (10–80 mol%) were prepared by SCM and characterized
for their physicochemical properties such as total surface acidity and
crystallinity. Optimization of reaction conditions was studied by vary-
ing the molar ratio of reactants, reaction temperature and amount of
the catalyst. Reactivation and reusability of these solid acids were also
investigated.
2. Experimental
2.1. Chemicals
Chemicals such as zirconyl nitrate hydrate, aluminum nitrate
nonahydrate and urea were supplied by M/S LOBA Chemie,
India. AA, substituted phenols, pyridine alcohols and aryl
alcohols were obtained from either Merck or Sigma Aldrich.
2.2. Preparation of solid acids
2.2.1. Preparation of ZrO2-Al2O3 solid acids
ZrO2, Al2O3 and ZrO2-Al2O3 with different ZrO2 loadings (10,
20, 40, 80 mol%), were prepared by solution combustion
method by taking aqueous solutions containing known
amounts of aluminum nitrate nonahydrate, zirconyl nitrate
hydrate and urea (Patil et al., 2008). In a typical experiment,
40 mol% ZrO2-Al2O3 was prepared by the combustion of an
aqueous mixture containing 10.0 g of aluminum nitrate non-
ahydrate, 2.05 g of zirconyl nitrate hydrate and 4.89 g of urea.
Combustion was carried out in a preheated muffle furnace
(400 ± 10 C) resulting in a flaming type reaction wherein
foamy solid was formed. Thus obtained foamy solid was pow-
dered and calcined in a muffle furnace at 550 C for 5 h. Other
compositions of ZrO2-Al2O3, ZrO2 and Al2O3 were prepared
in the similar way.
2.3. Characterization of solid acids
The total surface acidity (TSA) of solid acids was measured by
NH3-TPD (temperature programmed desorption)/n-butyl
amine back titration methods. NH3-TPD method is exten-
sively employed for characterizing the acidic strength of cat-
alytic materials and it was determined over Puls Chemisorb
2705 from Micromeritics. In this experiment 0.1 g of the cata-
lyst was degassed under helium stream for 1 h at 100 C, and
ammonia (99.99%) gas was injected into the stream until sat-
uration was reached and cooled to 50 C. The system was
maintained at 50 C for 30 min and then the catalyst surface
was flushed with helium for 2 h at 50 C. The catalyst was
heated at the rate of 5 C min1 in helium to 600 C. The
change in concentration of the desorbed NH3 was monitored
using thermal conductivity detector.
The total surface acidity of the solid acids can also be deter-
mined by n-butyl amine back titration method. In this method
0.5 g of the catalyst was suspended in 25 ml of dry benzene-acetylated compounds over ZrO2-Al2O3 solid acid. Arabian Journal of Chem-
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24 h. During this time period all the acid sites on the surface
of the solid get neutralized. The unreacted n-butyl amine was
estimated by titrating against 0.05 M HCl using bromothymol
blue as an indicator. The surface acidity of the solid catalyst
was calculated from the decrease in concentration of n-butyl
amine. The total surface acidity (TSA) was calculated by using
a formula:
Total surface acidity of the catalyst ¼ ðx yÞ1000=
W ¼ mmol=g of the catalyst
where
Molarity of n-butyl amine before adding the catalyst = x,
Molarity of n-butyl amine after treating with the
catalyst = y,
Weight of the catalyst =W (g).
The powder X-ray diffraction (PXRD) patterns of ZrO2,
Al2O3 and ZrO2-Al2O3 solid acids were recorded by X-ray
powder diffractometer (Philips X’pert) using Cu Ka radiation
(k= 1.5418 A˚) using graphite crystal monochromator. The
solid acid sample was scanned in 2h range of 20–70.
2.4. Catalytic activity studies of solid acids in O-acetylation
reaction
O-acetylation of substituted phenols, pyridine alcohols and
aryl alcohols with AA was carried out in a 10 ml round bot-
tomed (RB) flask on a hot plate-magnetic stirrer in the pres-
ence of ZrO2, Al2O3 and ZrO2-Al2O3 solid acids. The
reaction mixture consisting of a known amount of AA, hydro-
xyl compound and solid acid catalyst was heated at a particu-
lar temperature and time, and reaction was monitored by thin
layer chromatography. After completion of the reaction, the
reaction mixture was cooled, filtered and washed with ethyl
acetate to recover the catalyst. Organic solvent was evaporated
in vacuum to get the crude reaction product. Thus obtained
crude product was purified by silica gel column chromatogra-
phy using a suitable mobile phase to separate the desired pro-
duct and then characterized by 1H NMR and 13C NMR
spectroscopy (Bruker, 400 MHz) and LC-MS (Varian). The
yield of acetylated products was calculated by using a formula;
Yield ðwt%Þ ¼ Obtained wt:of product
Theoritical wt:of product
 100Table 1 Total surface acidity of solid acids used for the
present study.
Solid acid Total surface acidity (mmol/g)
ZrO2 0.43 (0.45)
Al2O3 0.49 (0.50)
10 mol% ZrO2-Al2O3 (10ZA) 0.65 (0.63)
20 mol% ZrO2-Al2O3 (10ZA) 0.76 (0.76)
40 mol% ZrO2-Al2O3 (10ZA) 1.05 (1.06)
80 mol% ZrO2-Al2O3 (10ZA) 1.33 (1.30)
Note: Numbers in the parenthesis (Column 2) refer to the TSA
values of solid acids obtained by n-butylamine back titration2.5. Reusability of solid acid catalyst
To study the re-usability of the used solid acid catalysts, the
catalyst was separated from the reaction mixture by filtration,
washed with ethyl acetate, dried at 120 C for 5 h and calcined
at 550 C for 1 h. Thus reactivated catalyst was subjected to
acetylation reaction under similar reaction conditions.
The reactivation and reusability of the used solid acid were
repeated for 5 times by following the procedure as described
above.Please cite this article in press as: Thimmaraju, N. et al., Eﬀective synthesis of novel O
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3.1. Characterization of solid acids
ZrO2-Al2O3 solid acids were characterized for their
physicochemical properties such as total surface acidity and
crystallinity.
3.1.1. Total surface acidity (TSA) by NH3-TPD/n-butyl amine
back titration method
The TSA values of solid acids obtained by NH3-TPD/n-butyl
amine back titration method are given in Table 1. It is
observed that while pure zirconia has low TSA, the incorpora-
tion of zirconia into alumina increases its acidity through a
synergistic effect. In case of ZrO2-Al2O3, the surface acidity
increases with an increase in the loading of ZrO2. This increase
in the surface acidity of metal oxides can be explained as fol-
lows; in mixed oxides the coordination number of the inserted
cation is maintained in the host oxide lattice. i.e., when Zr4+ is
inserted into the Al3+ lattice, positive charge imbalance is
occurred. As a result, Lewis acid sites are generated. Surface
acidity also results due to the charge imbalance formed on
the surface of metal oxide. To keep the electric neutrality,
Brønsted acidity is expected to appear when the charge imbal-
ance is negative, while Lewis acid sites will be formed when the
charge imbalance is positive (Maria et al., 2009).
The TSA of solid acid samples was also determined by n-
butyl amine back titration method. The values of total surface
acidity obtained by both NH3-TPD and n-butyl amine back
titration method are comparable to a reasonable extent with
95% accuracy.
3.1.2. Crystallinity by powder XRD (PXRD) studies
PXRD technique was used to characterize the crystalline
phases of zirconia-alumina solid acids. The PXRD patterns
of ZrO2, Al2O3 and ZrO2-Al2O3 solid acids are shown in
Fig. 1. When the concentration of ZrO2 was low the PXRD
patterns of the samples consisted of a mixture of tetragonal
phase of ZrO2 and rhombohedral Al2O3. However, when the
concentration of ZrO2 was increased, the intensities of diffrac-
tion peaks corresponding to rhombohedral Al2O3 gradually
decreased. This is due to a relative decrease in the concentra-method.
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Figure 1 PXRD patterns of solid acids: (a) Al2O3; (b) 10ZA; (c)
20ZA; (d) 40ZA; (e) 80ZA; (f) ZrO2. [R- rhombohedral Al2O3,
T- tetragonal ZrO2].
4 N. Thimmaraju et al.tion of Al2O3 as well as due to inherently poor intensity of
peaks related to Al2O3 (Zang et al., 2004). Further, when the
PXRD patterns of ZrO2-Al2O3 containing more than
20 mol% of ZrO2 are observed, the intensity of peaks corre-
sponding to tetragonal phase of ZrO2 increases gradually with
an increase in the concentration of ZrO2. Interestingly no
peaks corresponding to monoclinic ZrO2 are observed in the
PXRD patterns of solid acid samples.
3.2. Catalytic activity studies of ZrO2, Al2O3 and ZrO2-Al2O3 in
O-acetylation
In order to evaluate the catalytic activity of solid acids such as
ZrO2, Al2O3 and ZrO2-Al2O3, O-acetylation of substituted
phenols, pyridine alcohol and aryl alcohols with AA were car-
ried out in liquid phase. To begin with, in order to optimize the
reaction conditions, liquid phase O-acetylation of ethyl
2-(4-hydroxyphenyl) acetate (EHPA) with AA over ZrO2,
Al2O3 and ZrO2-Al2O3 solid acids was carried out (Scheme 1).
In general all the catalysts used for the present work were
active in this reaction. But when the O-acetylation reaction
was carried out without any solid acid catalyst, low yield of
ethyl 2-(4-acetoxyphenyl) acetate (EAPA) was observed
(37.5%). This indicates that O-acetylation is a catalyzed
reaction.
In order to obtain highest possible yield of the reaction pro-
duct, O-acetylation reaction of EHPA with AA was optimized
by varying parameters such as nature of catalytic material,
molar-ratio of the reactants (EHPA: AA), reaction tempera-
ture and amount of the solid acid catalyst.Please cite this article in press as: Thimmaraju, N. et al., Eﬀective synthesis of novel O
istry (2017), http://dx.doi.org/10.1016/j.arabjc.2014.12.0113.2.1. Effect of catalytic material on the yield (%) of EAPA
In order to investigate the effect of ZrO2 loading in ZrO2-
Al2O3 solid acid, on the yield of EAPA, O-acetylation reac-
tions were carried out over ZrO2, Al2O3 and ZrO2-Al2O3
(10–80 mol% of ZrO2) solid acids at 130 C for 30 min and
the results are shown in Table 2. The catalytic activity is signif-
icantly influenced by the dispersion of ZrO2 on Al2O3. Among
the solid acids with different ZrO2 loading, Al2O3 showed low-
est yield of EAPA, and the yield increases with an increase in
the concentration of ZrO2 loading and 80ZA (80 mol% ZrO2-
Al2O3) showed a maximum yield of 98.8%. This trend of yield
of EAPA is well correlatable with the total surface acidity
(Table 1) and crystallinity of solid acid catalysts (Zakaria
et al., 2012).
In case of ZrO2-Al2O3, consisting of low mole% of ZrO2
(10ZA and 20ZA) showed PXRD reflections pertaining to
rhombohedral Al2O3 and reflection due to tetragonal zirconia.
When the concentration of rhomohedral alumina and tetrago-
nal zirconia is compared, the concentration of rhombohedral
alumina was found to be higher than the concentration of zir-
conia. It is reported that the rhombohedral phase of alumina is
less acidic and hence less catalytically active (Har, 1990).
Therefore, ZrO2-Al2O3 with less mole% of ZrO2 that consists
of less acidic rhombohedral alumina is less active in O-
acetylation reaction.
However, ZrO2-Al2O3 with higher ZrO2 loading (80ZA)
consisted of only tetragonal phase of ZrO2. Tetragonal phase
of ZrO2 has been reported (Nagaraju and Mohamed
Shamshuddin et al., 2006) to be more active for catalysis. Such
ZrO2-Al2O3 solid acids with higher ZrO2 loading also pos-
sessed high total surface acidity as well as good catalytic acid-
ity for O-acetylation. Therefore, low, medium and highly
active catalysts such as ZrO2, Al2O3 and 80ZA respectively
were selected as solid acid catalysts for further optimization
studies.
3.2.2. Effect of molar ratio of reactants on the yield (%) of
EAPA
In order to study the effect of molar ratio of the reactants
(EHPA: AA), O-acetylation was carried out at different molar
ratios ranging from 1:1 to 1:5 over ZrO2, Al2O3 and 80ZA. The
yield of EAPA increases when the molar ratio of EHPA: AA
was increased from 1:2 to 1:3 (49.5–62.7% over ZrO2, 62.1–
70.4% over Al2O3 and 71.1–98.8% over 80ZA). Nevertheless
when the molar ratio is increased beyond 1:3, the yield of
EAPA decreases with an increase in the concentration of
AA. This can be explained as follows:
As AA acts both as a reactant and as a solvent in O-
acetylation reaction, it plays a positive role as a solvent till
the molar ratio of EHPA to AA= 1:3, where EHPA and cat-
alyst will be well dispersed in AA medium driving the reaction
to go to completion. However, further increase in the concen-
tration of AA (i.e., molar ratio = 1:4 & 1:5) can lead to a small
decrease in the yield of the acetylated product because of the
dilution effect of AA, and a similar observation has been made
by Zhang and co-workers (Zhang et al., 2011). Therefore, a
molar ratio of 1:3 [EHPA:AA] was found to be the optimum
molar ratio and this ratio was used for further studies. As it
was difficult to dissolve higher moles of EHPA in low mole
equivalent of AA, we could not study the effect of different
molar ratios of EHPA to AA.-acetylated compounds over ZrO2-Al2O3 solid acid. Arabian Journal of Chem-
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Scheme 1 O-acetylation of different hydroxyl compounds with AA over ZrO2-Al2O3 solid acid.
Table 2 Effect of catalytic material on the yield (%) of
EAPA. [Reaction conditions: EHPA= 1.0 g; AA =
1.7 g; amount of the catalyst = 0.1 g; reaction temperature =
130 C; reaction time = 30 min].
Sl. No. Catalytic material Yield of EAPA (%)
1 ZrO2 57.3
2 Al2O3 71.6
3 10ZA 76.9
4 20ZA 80.4
5 40ZA 86.5
6 80ZA 98.8
Table 3 O-acetylation of different substituted phenols, pyridine alc
Sl. No. Reactant Product
1
O
2
3
4
5
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The effect of reaction temperature on the yield (%) of EAPA
was studied over ZrO2, Al2O3 and 80ZA in the temperature
range of 70–145 C for 30 min. In fact, the yield of EAPA
increases with an increase in the reaction temperature up to
130 C. However, when the temperature of the reaction was
increased from 115 to 130 C a steady increase in the yield of
EAPA was observed (54.6–62.8% over ZrO2, 68.1–73.5% over
Al2O3 and 88.2–98.8% over 80ZA) and then stabilized there
after above 130 C. Therefore, 130 C was chosen as the opti-
mum reaction temperature to obtain highest possible yield.ohols and aryl alcohols under various reaction conditions.
Time (min) Yield (%)
O
O
O
30 98.8
30 96.8
30 74.3
15 98.8
5 96.0
(continued on next page)
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Table 3 (continued)
Sl. No. Reactant Product Time (min) Yield (%)
6 35 78.1
7 30 74.8
8 5 99.2
9 35 91.1
10 30 94.3
11 10 99.8
12 45 91.5
13 25 92.4
14 30 99.3
15 60 59.6
16 25 94.5
17 45 96.7
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Table 3 (continued)
Sl. No. Reactant Product Time (min) Yield (%)
18 20 92.4
19
OH
O
O
O
O
30 93.5
20
OH
H
O
O
H
35 91.9
Effective synthesis of novel O-acetylated compounds over ZrO2-Al2O3 solid acid 73.2.4. Effect of amount (weight) of solid acid catalyst on the
yield (%) of EAPA
The effect of weight of solid acid catalysts (ZrO2, Al2O3 and
80ZA) was studied at 130 C by using EHPA to AA molar
ratio of 1:3. The yield (%) of EAPA increases with an increase
in the weight of the catalyst weight from 0.05 g to 0.2 g. When
the weight of catalyst was increased from 0.05 to 0.1 g an
increase in the yield of EAPA was observed (58.3–62.1% over
ZrO2, 61.5–71.2% over Al2O3 and 80.5–98.8% over 80ZA)
and an excellent yield of EAPA (98.8%) was achieved at
0.1 g of 80ZA. It clearly indicates the efficiency of ZrO2,
Al2O3 and 80ZA solid acid catalysts in liquid phase O-
acetylation of EHPA with AA.
However, the yield of EAPA was found to stabilize when
the weight of the catalyst was increased beyond 0.1 g.
3.2.5. O-acetylation of different substituted phenols, pyridine
alcohols and aryl alcohols
O-acetylation reactions of different substituted phenols, pyri-
dine alcohols and aryl alcohols with AA were carried under
optimized reaction conditions such as 0.1 g of 80ZA solid acid
catalyst, molar ratio of hydroxyl compounds to AA = 1:3 and
at a reaction temperature of 130 C. The progress in the reac-
tions was monitored by thin layer chromatography (TLC).
After completion of the reaction, the reaction mixture was
cooled, filtered, and washed with ethyl acetate and organic
layer was evaporated in vacuum to obtain the crude reaction
product. Thus obtained crude product was purified by silica
column chromatography by using a suitable mobile phase to
get desired product. The reaction products were characterized
by LCMS, 1H NMR and 13C NMR spectroscopic methods
and the details are given below Table 3 and Appendix A.
3.2.6. Effect of re-usability of ZrO2, Al2O3 and ZrO2-Al2O3
solid acid catalyst on the yield (%) of EAPA
In order to study the reusability of the catalysts, O-acetylation
was carried with 0.1 g of ZrO2, Al2O3 and 80ZA, at a molar
ratio of hydroxyl compounds to AA = 1:3 and at temperaturePlease cite this article in press as: Thimmaraju, N. et al., Eﬀective synthesis of novel O
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reaction by filtration, washed with acetone, dried in an oven
at 120 C for 5 h and calcined at 550 C in a muffle furnace
for 1 h. Thus thermally regenerated solid acid catalyst was
re-used in O-acetylation for 5 reaction cycles and the results
are presented in Fig. 2. It can be seen from the figure that,
not much change in the activity of re-activated ZrO2, Al2O3
and 80ZA was observed which indicates that ZrO2, Al2O3
and ZrO2-Al2O3 solid acids can be re-activated and re-used
effectively.
4. Conclusion
Liquid phase O-acetylation of hydroxyl compounds with AA over
ZrO2, Al2O3 and ZrO2-Al2O3 solid acid catalyst was studied. Correla-
tion between the surface acidity, crystallinity and the catalytic activity
has been established. 80ZA was found to be an excellent solid acid cat-
alyst for this reaction. Under an optimized set of reaction conditions,
substituted phenols, pyridine alcohols and aryl alcohols were acety-
lated to provide novel O-acetylated products. In general, this solid acid
catalytic system (ZrO2, Al2O3 and ZrO2-Al2O3) can replace the con-
ventional homogeneous catalysts for O-acetylation reaction. These
solid acids are easy to prepare, recover from the reaction mixture
and can be reused after thermal reactivation without appreciable loss
in their catalytic activity.
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Ethyl 2-(4-acetoxyphenyl) acetate (Table 3, Entry 1): 1H NMR
(CDCl3, 400 MHz): d 1.250 (t, 3H, 7.2 Hz), 2.285 (s, 3H), 3.593
(s, 2H), 4.147 (q, 2H, 7.2 Hz), 7.040 (d, 2H, 7.6 Hz), 7.294 (d,-acetylated compounds over ZrO2-Al2O3 solid acid. Arabian Journal of Chem-
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Figure 2 Effect of re-usability of ZrO2, Al2O3 and 80ZA on the
yield of EAPA. [Reaction conditions: EHPA= 1.0 g;
AA= 1.7 mL; weight of the catalyst = 0.1 g; reaction tempera-
ture = 130 C; reaction time = 30 min].
8 N. Thimmaraju et al.2H, 8 Hz). Calculated for C12H14O4 [m+H]
+: 223.09, found
223.1.
4-Cyclohexylphenyl acetate (Table 3, Entry 2): 1H NMR
(CDCl3, 400 MHz): d 1.229–1.291 (m, 1 H), 1.336–1.448 (m,
4H), 1.748 (d, 1H, 12.4 Hz), 1.860 (dd, 4H, J1 = 12.0 Hz,
J2 = 8.8 Hz), 2.279 (s, 3H), 2.439–2.499 (m, 1H), 6.991 (d,
2H, 8.4 Hz), 7.200 (d, 2H, 8.4 Hz). Calculated for C14H18O2
[m+H]+: 219.3, found 219.1.
5-(4-Acetoxyphenyl)pentanoic acid (Table 3, Entry 3): 1H
NMR (DMSO, 400 MHz): d 1.485–1.583 (m, 4H), 2.204 (t,
2H, 7.2 Hz), 2.217 (s, 3H), 2.549 (t, 2H, 6.4 Hz), 6.983 (d,
2H, 8 Hz), 7.182 (d, 2H, 8 Hz), 11.929 (s, 1H). Calculated
for C13H16O4 [m+H]
+: 237.10, found 237.1.
5-Fluoro-2-nitrophenyl acetate1 (Table 3, Entry 4): 1H NMR
(CDCl3, 400 MHz): d 2.386 (s, 3H), 6.980 (d, 1H, 8 Hz), 7.100
(t, 1H, 7.6 Hz), 8.176 (dd, 1H, J1 = 8.8 Hz, J2 = 6.0 Hz).
13C
NMR (CDCl3, 100 MHz): d 20.609, 20.643, 112.865, 113.119,
113.741, 113.969, 127.940, 128.046, 146.069, 146.191, 163.963,
166.543, 168.118. Calculated for C8H6FNO4 [mH]+: 198.03,
found 156.0 (de-acetylated mass). Physical state: liquid.
2,6-Dimethylpyridine-3-yl acetate (Table 3, Entry 5): 1H
NMR (CDCl3, 400 MHz): d 2.324 (s, 3H), 2.392 (s, 3H),
2.516 (s, 3H), 7.003 (d, 1H, 8 Hz), 7.230 (d, 1H, 8 Hz). Calcu-
lated for C9H11NO2 [m+H]
+: 166.08, found 166.1.
5-Acetoxypicolinic acid1 (Table 3, Entry 6): 1H NMR
(DMSO, 400 MHz): d 2.327 (s, 3H), 7.790 (dd, 1H,
J1 = 8.4 Hz, J2 = 2.0 Hz), 8.104 (d, 1H, 8.4 Hz), 8.527 (d,
1H, 1.6 Hz), 13.205 (s, 1H). 13C NMR (DMSO, 100 MHz): d
21.247, 126.239, 130.980, 143.802, 146.095, 149.798, 165.866,
169.190. Calculated for C8H7NO4 [m+H]
+: 182.15, found
182.1. Physical state: white solid, Melting point = 145–147 C.
3-Acetoxypicolinic acid (Table 3, Entry 7): 1H NMR
(DMSO, 400 MHz): d 2.261 (s, 3H), 7.672 (dd, 1H,
J1 = 8.4 Hz, J2 = 5.2 Hz), 7.737 (d, 1H, 7.6 Hz), 8.547 (d,
1H, 3.2 Hz), 13.205 (s, 1H). Calculated for C8H7NO4 [m
+H]+: 182.04, found 182.0.1 Novel acetylated molecules.
Please cite this article in press as: Thimmaraju, N. et al., Eﬀective synthesis of novel O
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(CDCl3, 400 MHz): d 1.156 (t, 6H, 6.8 Hz), 2.279 (s, 3H), 3.330
(q, 4H, 7.2 Hz), 6.346 (d, 2H, 8 Hz), 6.520 (d, 1H, 8.8 Hz),
7.171 (t, 1H, 8 Hz). Calculated for C12H17NO2 [m+H]
+:
208.13, found 208.1.
4-Formyl-3-methoxyphenyl acetate (Table 3, Entry 9): 1H
NMR (CDCl3, 400 MHz): d 2.318 (s, 3H), 3.912 (s, 3H),
6.773 (d, 2H, 7.2 Hz), 7.852 (d, 1H, 8.4 Hz), 10.389 (s, 1H).
Calculated for C10H10O4 [m+H]
+: 195.06, found 195.0.
4-Bromo-2-methoxybenzyl acetate1 (Table 3, Entry 10): 1H
NMR (CDCl3, 400 MHz): d 2.092 (s, 3H), 3.834 (s, 3H),
5.090 (s, 2H), 7.015 (s, 1H), 7.084 (dd, 1H, J1 = 8.0 Hz,
J2 = 1.2 Hz), 7.182 (d, 1H, 8 Hz).
13C NMR (CDCl3,
100 MHz): d 20.924, 55.718, 61.061, 114.106, 122.783,
123.432, 130.702, 158.010, 170.759. Calculated for C10H11BrO3
[m+H]+: 258.99, found 259.0. Physical state: liquid.
2-Iodopyridin-3-yl acetate1 (Table 3, Entry 11): 1H NMR
(CDCl3, 400 MHz): d 2.400 (s, 3H), 7.289 (t, 1H, 4.4 Hz),
7.372 (d, 1H, 8 Hz), 8.271 (d, 1H, 3.6 Hz). 13C NMR (CDCl3,
100 MHz): d 21.215, 115.330, 123.798, 130.081, 147.877,
148.698, 168.058. Calculated for C7H6INO2 [m+H]
+:
263.94, found 264.0. Physical state: liquid.
(2-Chloropyridine-3-yl)methyl acetate1 (Table 3, Entry 12):
1H NMR (CDCl3, 400 MHz): d 2.138 (s, 3H), 5.186 (s, 2H),
7.252 (dd, 1H, J1 = 8.0 Hz, J2 = 4.8 Hz), 7.744 (d, 1H,
7.6 Hz), 8.344 (d, 1H, 5.2 Hz). 13C NMR (CDCl3, 100 MHz):
d 20.677, 62.495, 122.567, 130.482, 138.014, 138.033, 148.915,
150.057, 170.349. Calculated for C8H8ClNO2 [m+H]
+:
186.02, found 186.0. Physical state: liquid.
2-Cyano-3-ﬂuorophenyl acetate1 (Table 3, Entry 13): 1H
NMR (CDCl3, 400 MHz): d 2.401(s, 3H), 7.120 (d, 2H,
8 Hz), 7.604 (dd, 1H, J1 = 14.4 Hz, J2 = 6.0 Hz).
13C NMR
(CDCl3, 100 MHz): d 20.657, 110.434, 113.424, 113.618,
118.933, 118.971, 134.877, 134.970, 153.044, 153.067,
162.062, 64.657, 167.935. Calculated for C9H6FNO2
[mH]+: 178.04, found 136.1 (deacetylated mass). Physical
state: liquid.
2-Bromo-5-ﬂuorophenyl acetate (Table 3, Entry 14): 1H
NMR (CDCl3, 400 MHz): d 2.356 (s, 3H), 6.864–6.929 (m,
2H), 7.556 (dd, 1H, J1 = 8.4 Hz, J2 = 6.0 Hz). Calculated
for C8H6BrFO2 [mH]+: 230.95, found 190.9 (deacetylated
mass).
2-Acetyl-5-chlorophenyl acetate1 (Table 3, Entry 15): 1H
NMR (CDCl3, 400 MHz): d 2.348 (s, 3H), 2.538 (s, 3H),
7.154 (d, 1H, 1.6 Hz), 7.308 (dd, 1H, J1 = 8.8 Hz,
J2 = 1.6 Hz), 7.761 (d, 1H, 8.4 Hz).
13C NMR (CDCl3,
100 MHz): d 20.998, 29.257, 124.356, 126.324, 129.066,
131.290, 138.936, 149.728, 169.004, 196.274. Calculated for
C10H9ClO3 [m+H]
+: 213.02, found 213.0. Physical state:
liquid.
3-Bromo-4-methylphenyl acetate 1 (Table 3, Entry 16): 1H
NMR (CDCl3, 400 MHz): d 2.277 (s, 3H), 2.376 (s, 3H),
6.951 (dd, 1H, J1 = 8.4 Hz, J2 = 2.4 Hz), 7.223 (d, 1H,
8 Hz), 7.300 (d, 1H, 1.6 Hz). 13C NMR (CDCl3, 100 MHz):
d 20.935, 22.248, 120.522, 124.464, 125.435, 130.918, 135.422,
148.877, 169.165. Calculated for C9H9BrO2 [mH]+: 226.98,
found 228.0. Physical state: liquid.
Acetyl salicylic acid (Table 3, Entry 17): 1H NMR (DMSO,
400 MHz): d 2.234 (s, 3H), 7.184 (dd, 1H, J1 = 8.08 Hz,
J2 = 1.04 Hz), 7.344–7.385 (m, 1H), 7.603–7.646 (m, 1H),
7.925 (dd, 1H, J1 = 7.8 Hz, J2 = 1.6 Hz), 13.087 (s, 1H). Cal-
culated for C9H8O4 [m+H]
+: 179.04, found 179.00.-acetylated compounds over ZrO2-Al2O3 solid acid. Arabian Journal of Chem-
Effective synthesis of novel O-acetylated compounds over ZrO2-Al2O3 solid acid 92-Cyclopropyl acetate1 (Table 3, Entry 18): 1H NMR
(CDCl3, 400 MHz): d 0.645–0.684 (m, 2H), 0.885–0.933 (m,
2H), 1.839–1.907 (m, 1H), 2.345 (s, 3H), 7.002 (d, 2H,
7.6 Hz), 7.130–7.203 (m, 2H). 13C NMR (CDCl3, 100 MHz):
d 7.109, 10.080, 20.810, 20.840, 121.922, 126.118, 126.365,
126.509, 135.289, 150.186, 169.378. Calculated for C11H12O2
[m+H]+: 177.08, found 177.3. Physical state: liquid.
Acetic acid 2-oxo-1,2-diphenyl-ethyl ester (Table 3, Entry
19): 1H NMR (CDCl3, 400 MHz): d 1.553 (s, 3H), 6.861 (s,
1H), 7.324–7.420 (m, 5H), 7.457–7.533 (m, 3H), 7.931 (d,
2H, 7.6 Hz). Calculated for C16H14O3 [m+H]
+: 255.09, found
255.1. Physical state: white solid.
Acetic acid 1-phenyl-prop-2-ynyl ester (Table 3, Entry 19):
1H NMR (CDCl3, 400 MHz): d 2.118 (s, 3H), 2.655 (s, 1H),
6.461 (s, 1H), 7.384–7.402 (m, 3H), 7.539 (d, 2H, 6 Hz). Calcu-
lated for C11H9O2 [m+H]
+: 175.07, found 175.1. Physical
state: liquid.
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